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Many beautiful experiments have been addressed to test standard quantum mechan- 
ics against local realistic models. Even if a strong evidence favouring standard quantum 
mechanics is emerged, a conclusive experiment is still lacking, because of low detection ef- 
ficiencies. Recently, experiments based on pseudoscalar mesons have been proposed as a 
d \ way for obtaining a conclusive experiment. In this paper, we investigate if this result can 
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effectively be obtained. Our conclusions, based on a careful analysis of the proposed set ups, 
are that this will not be possible due to intrinsic limitations of these kind of experiments. 
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I. INTRODUCTION 



Quantum Mechanics (QM) is one of the pillar of modern physics and no doubt can 
remain on its validity, thanks to the huge amount of experimental results confirming many 
its predictions (often to an extremely precise level). Nevertheless, some doubt could persist 
if a general local realistic theory could include QM as a statistical limit. 

This idea appeared already in 1935 in the famous Einstein- Podolsky- Rosen paper 

For this purpose, the authors introduced the concept of element of reality according to 
the following definition: If, without disturbing in any way a system, I can predict without 
any uncertainty the value of a physical quantity, then there is an element of physical reality 
corresponding to this quantity. They formulated also the reasonable hypothesis (in the light 
of special relativity) that any non-local action was forbidden. 

They concluded that either one of their hypothesis was wrong or Quantum Mechanics 
was not a complete theory, in the sense that not every element of physical reality had a 
counterpart in the theory. 

With the purpose of elucidating their arguments, we will follow their discussion, but 
with the physical system introduced by Bohm, which allows a clearer comprehension of the 
problem. 

Let us thus consider a singlet state of two spin 1/2 particles 



where | ± 1) represents a single particle of spin up and down states, respectively. This is an 
example of an entangled state, namely of a state of two or more particles which cannot be 
factorised in single-particle states. 

Let the two particles separate and then measure the z component of the spin of the first 
particle; this permits us to know immediately the z spin component of the particle 2 (which 
is opposite) without disturbing in any way the second particle. Thus the z component of 
the spin of the second particle is an element of reality according to the previous definition. 

But, since the singlet state is invariant under rotations, we could refer to any other axis 
(as X or y etc.): thus we can argue that any other spin component of particle 2 is an element 
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of reality. However, spin components on different axis are incompatible variables in Standard 
Quantum Mechanics (SQM), for which one cannot assign definite values at the same time: 
for this reason it follows that Quantum Mechanics cannot be a complete theory, for it does 
not allow a prediction of all elements of reality. 

This statement was somehow the starting point of development of the so-called Local 
Realistic Models (LRM or hidden variables theory): it exists a deterministic (and local) 
theory describing nature and Quantum Mechanics is only a statistical approximation of this 
theory. 

In particular in any hidden variable theory every particle has a perfectly assigned value 
for each observable, determined by a hidden variable x. A statistical ensemble of particles 
has a certain distribution p{x) of the hidden variable and thus the average value of an 
observable A is given by: 



Of course, considering the great success of SQM in predicting many different experimental 
data, the average < A> given by @j must reproduce the SQM predictions. 

Historically, the quest for hidden variable theories stopped when von Neumann published 
a theorem asserting the impossibility of constructing a hidden variable theory reproducing 
all the results of SQM. For long time, his prestige led to an acritical acceptation of this 
theorem, but it was then discovered that one of his hypotheses was too restrictive so that 
the program of a hidden variable theory was still possible. 

The fundamental progress in discussing possible extensions of SQM was Bell's proof |@] 
that any realistic Local Hidden Variable LRM theory must satisfy certain inequalities which 
can be violated in QM. This allows, in principle, testing experimentally the validity of SQM 
against LRM. 

Various different forms of these inequalities have been proposed. All of them are equiva- 
lent by the Fine theorem (see e.g. Ref. ||^). For the sake of exemplification let us show one of 
them. Let us consider a source of entangled particles emitting a pair, where the first particle 
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goes to detector 1 and the second to detector 2, and suppose that before the detector i we 
select a certain property 6*,. For example, if the particles are entangled in spin, then 9i is 
the angle defining the direction (respect to the z-axix) along which we are going to measure 
the spin. The Clauser-Horne sum then reads: 



CHS = Pie,, 02) - Pie,, 9',) + Pie[, e^) + Pie[, e',) - Pie[) - Pie^) (3) 

where 62) represents the joint probability of observing a particle in 1 with the selection 
9i and, in coincidence, a particle in 2 with the selection 62. On the other hand, PiOi) 
represents the probability of observing a single particle at i with selection 6'j. 

Clauser and Horne |Q have shown that CHS is always smaller than zero for every LRM, 
but it can be larger than zero for a suitable choice of parameters in SQM. 

Many interesting experiments have been performed to test Bell inequalities. Most of 
them were based on entangled photon pairs produced in positronium decays, atomic decays 
and in non-linear crystals. Only few exceptions were performed with other systems 
All of them led to a substantial agreement with quantum mechanics Pj7|j8|JT0|-|T2i , bar one 



not confirmed by similar ones [^. Thus LRM theories are disfavoured (see ref.s [jT6| for 



reviews), but, so far, no experiment has yet been able to exclude definitively such theories. 
In fact, so far, one has always been forced to introduce a further additional hypothesis |]17 



due to the low total detection efficiency, stating that the observed sample of particle pairs 
is a faithful subsample of the whole. This problem is known as detection or efficiency 
loophole. For example, in Eq. ^ this reflects into the fact that, because of losses, single 
particle probabilities -P(^j) are always much larger than joint probabilities P(^i, 9j) and 
thus in real experiments must be substituted with joint probabilities without selection on 
one arm. The research for new experimental configurations able to overcome the detection 
loophole is of course of the greatest interest. 

Since the beginning of 90's, big progresses in this direction have been obtained by using 
parametric down conversion (PDC) processes for generating entangled photon pairs with an 
high angular correlation. 
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The generation of entangled states by parametric down conversion (PDC) has replaced 
other techniques for it overcomes some former limitations. In particular, having angular 
correlations better than 1 mrad, it overcomes the poor angular correlation of atomic cascade 
photons, as it was in the celebrated experiment of A. Aspect et al. |p. This was at the origin 
of the small total efficiency of this type of experiments in which one is forced to select a 
small subsample of the produced photons, leading inevitably to the detection loophole. 
Furthermore, a good polarisation selection can be done using visible light, at variance with 
the case of positronium decay, where this was not possible for high energy gamma rays (in 
spite of a very high detection efficiency). 

The first experiments using this technique were performed with type 1 PDC, which gives 
phase and momentum entanglement and can be used for testing Bell inequalities using 



two spatially separated interferometers |T^, as realised by |Tl|. The use of beam splitters, 
however, strongly reduces the total quantum efficiency. 

Alternatively, one can generate a polarisation entangled state ||13|. However, the first 
experiments for the creation of couples of photons entangled from the point of view of 
polarisation, still suffered severe limitations, as it was pointed out in Ref. |T7]. The essence 
of the problem is that in generating this state, half of the initial photon flux was lost, and 
one was, of necessity, led to assume that the photons' population actually involved in the 
experiment to be a faithful sample of the original one, i.e. falling on the efficiency loophole. 

More recently, experiments have been realised using Type II PDC [|12|, where a polarisa- 
tion entangled state is directly generated. This scheme has permitted, at the price of delicate 
compensations for having identical arrival time of the ordinary and extraordinary photon, 
a much higher total efficiency than the previous ones (up to about 0.3), even though this 
is still far from the required value of 0.81. In addition, some recent experiments studying 



equalities among correlations functions of two [|T^ or three photons |^ rather than Bell 
inequalities are far from solving these problems A large interest remains therefore for 
new experiments increasing total quantum efficiency in order to reduce and finally overcome 
the efficiency loophole. 
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Some years ago, a very important theoretical step in this direction has been performed 
recognising that, while for maximally entangled pairs a total efficiency larger than to 0.81 
is required to obtain an efficiency- loophole free experiment, for non maximally entangled 
pairs this limit is reduced to 0.67 [|18| (in the case of no background). However, it must be 
noticed that, for non- maximally entangled states, the largest discrepancy between quantum 
mechanics and local hidden variable theories is reduced: thus a compromise between a lower 
total efficiency and a still sufficiently large value of this difference will be necessary when 
realising an experiment addressed to overcome the detection loophole. 

An experiment devoted to test Bell inequalities using non-maximally entangled photon 



pairs has been recently realised [^. In this scheme the non-maximally entangled states 
of photons in polarisation were obtained superimposing through an optical condenser the 
parametric down conversion produced by two type I crystals, separated of a distance much 
smaller than the coherence one of the pump laser. This scheme allows to obtain a very good 



superposition, not possible in the scheme of Ref. |]23|, and a good spatial separation of the 
two substates, not possible with the very recent scheme of Ref. . 

Even if relevant progresses toward the elimination of the detection loophole have been 
obtained using entangled photon pairs, nevertheless the total efficiency is strongly domi- 
nated by the quantum efficiency of photodetectors. Nowadays efficiencies for commercial 



photodetectors are under 75 %. Prototypes already reach much higher efficiencies ||2^, but 
at the prize of an high background which also limits the possibility of a loophole free test 



Thus, in summary, the use of entangled photon pairs has led to very important tests of 
Bell inequalities, but at the moment cannot allow to eliminate the detection loophole. 

On the other hand, a recent experiment |^ performed using Be ions has reached very high 
efficiencies (around 98 %), but in this case the two subsystems (the two ions) are not really 
separated systems and the test cannot be considered a real implementation of a detection 
loophole free test of Bell inequalities [^, even if it constitutes a relevant progress in this 
sense. 
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II. BELL INEQUALITIES AND KAONS 



Even if little doubts remain on the validity of the standard quantum mechanics, consid- 
ering the fundamental importance of the question, the quest for other experimental schemes 
for a definitive test of Bell inequalities is therefore of the largest interest. 

Many theoretical investigations have been recently devoted to find new schemes even- 
tually suitable for a loophole free experiment |^8[. In particular, in the last years, a con- 
siderable effort has been addressed to investigate the possibility that the use of entangled 
pseudoscalar meson pairs as KK or BB {D mesons decay rapidly through Cabibbo allowed 
channels and therefore do not represent an interesting situation) might lead to a conclu- 
sive test of local realism. Effectively, this solution presents some evident advantages: if the 
pair is produced by the decay of a particle at rest in the laboratory frame (as the (j) 
Daphne), the two particles can be easily separated at a relatively large distance allowing an 
easy space-like separation of the two subsystems and permitting an easy elimination of the 
space-like loophole, i.e. realising two completely space-like separated measurements on the 
two subsystems. Let us notice that for a complete elimination of this loophole, the space-like 
separation must include the setting of the experimental selections as well (for photons this 
could be performed with large separations and/or acousto-optical devices for polarisation 
selection, but introducing big losses which make impossible a contemporary elimination of 
the detection loophole). Moreover, in these experiments based on pseudoscalar pairs a very 
low noise is expected. 

These proposals are based on the use of entangled states of the form (analogous to the 
singlet state of Eq. |l]): 

\K,)\K,)~\Ko)\K,) 

\Kj:)\Ks)-\Ks)\Kj:) 

(4) 

where \Kq) and \Kq) are the particle and antiparticle related by charge conjugation and 
composed by a quark d with an anti-strange s and a d with a s respectively. Whilst the CP 
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(charge conjugation and parity) eigenstates 
and 



K.) ^ (5) 



|A-o) + |/?o> 

are the long hving (CP=-1, forbidding the 2 pions decay) and the short hving (CP=+1, 
allowing the 2 pions decay) states. Here and in the following small effects due to CP 
violation in weak interactions are neglected, not being relevant for our discussion. 

The high efficiency of particles detectors has led to the claim that tests of local realism 
realised with pseudoscalar mesons pairs could allow the elimination of the detection loophole. 
The purpose of this article is a critical analysis of this statement. 

First of all it must be noticed that a simple test based on a correlation function defined 
such that it takes the value 1 when two or none Kq are identified and -1 otherwise, would not 
lead to a violation of Bell inequalities due to the specific values of KqKq mixing parameters, 
as shown in Ref. [0. Also, a simple hypothesis where the state @ collapses shortly 
after its production in two factorised states 

\Ks)\Kl), \Kl)\Ks) (7) 



is already excluded Anyway, other Bell inequalities and hidden variable schemes can 



be considered |2|JSggg. 

Our main concern about the statement that detection efficiency is high for mesons comes 
from the fact that in any experimental test proposed up to now one must tag the P or P 
through its decay. This requires the selection of AS = AQ semileptonic decays, which 
represent only a fraction of the total possible decays of the meson. From Ref. ||3^ one 
derives the following branching ratios: 

BR{K'^s ^ TT+e^i/e) = (3.6 ± 0.7)10"^ 
BR{Kl vr+e-z/e) = 0.1939 ± 0.0014 



BR{Kl Tc^fi'Uf,) = 0.1359 ± 0.0013 
BR{B° l^uiX) = 0.105 ± 0.008 
BR{B^ l+vip-) = (2.6 ± 0.7)10"^ 

BR{B^ ^l+uiTT-) = {1.8 ±0.6)10'^ (8) 

where X means anything. 

Besides this problem, one has to consider experimental cuts on the energies of the decay 
products, which inevitably further reduce this fraction. Moreover, a fraction of the pairs will 
be lost by decays occurring before the region of observation. Finally, most of these proposals 
involve the regeneration phenomenon, which introduces further strong losses; on the other 
hand if no choice of the measurement set up (e.g. the presence of the regeneration slab) is 
introduced, the space-like loophole cannot be really eliminated. 

The result of these considerations is that one is unavoidably led to subselect a fraction 
of the total events. As one cannot exclude a priori hidden variables related to the decay 
properties of the meson and losses, one cannot exclude the sample to be biased and thus 
the detection loophole appears here too. This is analogous to the photons experiments, 
where the detection loophole derives by the fact that one cannot exclude losses related to 
the values of hidden variables which determine if the photon passes or not a polarisation 
(or another) selection. Namely, in a local realistic model the properties of a particle are 
completely specified by the hidden variables. Also decays, in a deterministic model, can 
happen according to the values of the hidden variables (both in a deterministic or in a prob- 
abilistic way). Thus, states with different hidden variables can decay in different channels, 
with the condition that the branching ratios averaged over the hidden variables distribution 
reproduce the quantum mechanics predictions. Analogously, any other loss can depend on 
hidden variables as well. 

For what concerns the experiments based on Bell inequalities [^,^], the same limits 
for the total efficiency previously discussed remain valid. As the total branching ratio in 
AS = AQ semileptonic decays is much smaller than 0.81, this unavoidably implies that a 
loophole free test of Bell inequalities cannot be performed in this class of experiments. The 
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eventual use of non-maximally entangled states, lowering the efficiency threshold to 0.67, 
does not change the situation. This problem does not appear in Ref. [p^, however other 



additional hypotheses are needed (see Eq. 15 and discussion after Eq. 18 of |^), and thus 
this proposal does not allow a general test of LRM as well. 

It must also be noticed that the only observation of interference between the two terms 



of the entangled wave function, Eq. ^, as in Ref does not exclude general LRM, for 
this feature can be reproduced in a general class of local realistic theories. 

In summary, we conclude that Bell inequalities measurement on kaons pairs will not 
allow a definitive test of local realism. 

III. OTHER TESTS OF LOCAL REALISM WITH KAONS 

Let us then consider other proposals for testing local realism, not based on a Bell inequal- 
ities measurement. Two proposals of this kind have been recently advanced by F. Selleri 



and others concerning a KK (very lately further developed in Ref. [^) or a BB ||35 
system respectively. 

In order to show how the problem previously discussed appears for these proposals as 



well, let us analyse in details the KK case as discussed in Ref. . The BB one will follow 
with small modifications. 

In the model of Ref. |3^, the KK pair is local-realistically described by means of two 
hidden variables, one (Ai) determining a well defined CP value, the other (A2) a well defined 
strangeness S value for the K (and related to this for the K). This second variable cannot be 
a time independent property, but is subject to sudden jumps. If locality must be preserved 
the time of this jump must already be fixed ab initio by a hidden variable A3 (which represents 
the real second hidden variable of the model) and the two subsystems must not influence 
each other while they are flying apart, namely A2 is not the true hidden variable, but a 
parameter driven by A3 (see appendix of Ref. and Ref. ||30|| ) . 



Following Ref. we denote by Ki the state with CP=1, S=l, K2 the state with CP=1, 
S=-l, Ks the state with CP=-1, S=l and K4 the state with CP=-1, S=-l. 

The initial state can be, with probability 1/4, in anyone of the states CP = ±1, S = ±1. 
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Each of these pairs give, in the local- reahstic model (LRM), a certain probability of observing 
a KqKq pair at proper times ta and th (7^ ta) of the two particles. These probabilities are 
(in a somehow simplified form, see eq. 62-70 of Ref. 



Pl[ta,h] = [Es{QQ-{ta) - piQ] ■ EL{ta)pAi{tb\ta) 
P2[taM = [Es{ta)Q+{ta) + p{ta)] ■ ELiQpMQ 
Pslta^h] = [EL{ta)Q-{Q + p{ta)] " ^5 (4)^21 (^6 l^a) 
PiKU] = [EL{ta)Q+{ta) - p{ta)]- Es{ta)p2l{U\ta) (9) 

corresponding to an initial state with Ki on the left and on the right, K2 on the left and 
K-i on the right, on the left and K2 on the right and on the left and Ki on the right 
respectively. 

In Eq. ^, we have introduced Esit) = exp{—'yst) and E^iJ:) = exp{—'yi,t), where (in 
units c=h=l) -fs = (1.1192 ± 0.0010)10i°s-i and 7^ = (1.934 ± 0.015)10^5"^ denote the 
decay rate of Ks and Kl [p6| . 

Furthermore, the function Q± are defined through: 

1 



0. 2 



1 ± cos(Amrj 

El + Es 



(10) 



where Am = (0.5300 ± 0.0012) lO^^s"^ is the mass difference Mk^ - Mks- We have also 
introduced the symbol Pij{ta\th) for denoting the probability of having a at time 
conditioned to have had the state Ki at time ta- From Ref. p3] one has: 



P2l{h\ta) = Es\ta)[p2lW)-p2l{ta\Q)- Es{h-ta)] (11) 

and 

PAz{tb\ta)= Ej^\ta)\pA^{U\Q)-pAz{ta\^)- EL{h-ta)] (12) 

where 



and 



P2im = Esm-it)-pit) 
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(13) 



pM^)=EL{t)Q-{t)+p{t). (14) 

Finally, p(t) is a function not perfectly determined in the model (see discussion in Ref. [0), 
but which is limited by 



- EsQ+ <p< EsQ^ 
-ElQ- <p< ElQ+ 

(15) 

If we had a total efficiency of 1, the LRM probability of observing a KqKq pair is given 
by the sum of the four probabilities of Eq. ^ multiplied by 1/4. It is rather different from 
the quantum mechanical prediction 

PQM[Koita),Koih)] = - [e[-(^^*'^+^^*^)l + e[-(^^*''+^s*'')l - 2e[-('/2)(^^+^^)(*''+*')l cos(Am(t, - U)) 

8 '- 

(16) 

and thus represents a good test of the LRM. This is shown in fig. 1, where P[KQ(ta), Ko(2ta)] 
is reported in analogy with Table 1 of Ref. . 



However, when the total efficiency is lower than 1, the different probabilities can con- 
tribute in different ways as the hidden variables, which determine the passing or not the 
test, could also be related to the decay properties of the meson pair and losses. As dis- 
cussed previously, the specific property of the meson is not being or not a Kq at a certain 
proper time, but the hidden variables values characterise it completely, and thus, in princi- 
ple, even its decay properties. If this is the case, different coefficients can multiply the 
four probabilities. One has therefore: 

P[Ko{ta),Ko{h)] = 1/4 ■ [aiPi[t„,4] + a2P2[ta,h] + asPaKh] + a^PAKU]] (17) 

The freedom of the choice of these parameters allows to reproduce the quantum me- 
chanical prediction. In figure 2, we show how the lower limit of the LRM can be smaller 
than the SQM curve, when this effect is considered for the curves of fig.l. We have chosen 
the parameters set: ai = l,a2 = 0.07, 03 = 0.03 and 04 = 0.1. This corresponds to val- 
ues of ttj such that their sum is the total efficiency chosen to be 0.3 (other values can be 

12 



obtained by scaling). Nevertheless, it must be noticed that the values of the Oj are sub- 
stantially very little constrained. Besides, they can depend on the times ta and t;,, like the 
value of the hidden variable A2: this property, obviously, makes the quantum mechanics 
prediction more reproducible. Let us also notice that situation 1 and 4, 2 and 3 are sym- 
metric under the exchange of left and right, although the decay probabilities do not need 
to be the same. The only real constraint on is that the total fraction of observed decays 
should be reproduced. For example, a trivial solution which reproduces SQM predictions is 
(ii(ta,tb) = PQM(ta,tb)/ Pi(ta,th). Of coursc, the Same discussion can be exactly enforced to 
other correlation probabilities as P[Ko{ta), Koitf,)] etc. 

The previous results are obtained with p = EsQ-, similarly to fig.l, in order to allow a 



direct comparison with the results of Ref. ||3^. However, according to the discussion of Ref. 
Il30| , the value p = is the favoured. We present the results for the case p = in figure 
3. A total efficiency of 0.3 is considered. In this case the two curves (SQM and LRM) are 
very similar, for other choices of the parameters the lowest limit of the LRM could be easily 
reduced further. It may be interesting to notice that similar results are obtained also with 
other choices of p[t], compatible with Eq. |T^. 

Altogether, these results show that the lowest limit curve of local realism can easily 
reproduce or be lower than the quantum mechanics prediction when different weights mul- 
tiply the four probabilities, due to different branching ratios and losses for the 4 cases. It 
must be emphasised that our purpose is only to show a counterexample, which proves that 
observation of the curve predicted by SQM cannot exclude every LRM. Our results show 
unequivocally that such a counterexample exists. 

It must also be noticed that if not only the decay (and losses) properties were related to 
the hidden variables, but also the decay time were determined by them, then the scheme we 
have discussed should be substantially modified leaving a even larger space for agreement 
between SQM and LRM. 

Of course, as all LRM tests performed up to now, a result in agreement with SQM, will 
further reduce the space for the existence of a LRM, even if unable to obtain the general 



13 



result of eliminating the possible existence of LRM. 

In conclusion, when only a subsample is selected (semileptonic AS = AQ decays must be 
observed for tagging a KqKo state and cuts must be introduced) the result of this analysis 
shows that detection loophole appears also in this case. Of course we are not discussing how 
the local realistic model should be, or if its complexity makes it unpleasant, we are simply 
investigating if such experiments allow to exclude without any doubt every local realistic 
model: our conclusion is that one is obliged to introducing the additional hypothesis that 
the observed sample is unbiased concerning the hidden variables values, i.e. the efficiency 
loophole reapers. 

IV. TESTS OF LOCAL REALISM WITH Bq 

Precisely the same considerations can be carried out for entangled BqBq pairs (produced, 
for example, in T(4S') decays). 

A first set of papers ||3^ consider the possibility to test SQM measuring the term deriving 
from interference between the two terms in the entangled wave function (HI). However, this 



effect is also reproduced in any reasonable LRM |^ and thus cannot be considered a general 
test of local realism, but can only allow to eliminate some specific class of hidden variable 
theories. 

For what concerns Bell inequalities, exactly the same discussion of paragraph II applies: 
also in this case one will have to tag the Bq by semileptonic decays (see the branching ratios 
of Eq. H) and the detection efficiency is expected to be around 45% [^. Therefore we 
conclude that for B pairs as well no definitive test of Bell inequalities is possible. 

The same conclusions are reached for tests of local realism without inequalities, for the 
scheme of Ref. is equivalent to the one we have discussed in the previous paragraph, a 



part small changes due to the same decay width 7 = (0.646 ± 0.013) lO^^s ^ for both 
the CP eigenstates. More in details the SQM prediction simplifies into: 

PqulBoita), BM] = ^ [e[-^(*^+*'')l[l - cos(Am(4 - h))]] (18) 

Also the probabilities Pi simplifies analogously. For example the functions Q± become: 
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Q±[t] = ^[l±cos{Amt)] (19) 



where Am = (0.472 ± 0.017)10^23-1 ^ 

The SQM prediction and the LRM (p = 0) one are compared in fig.4 in analogy to 
fig.3 for the kaon case, both for the cases of detection efficiency equal to one and when the 
discussed effect is introduced. The figure exemplifies as the same results of the KK case 
keep their validity: in presence of a detection efficiency smaller than 1, LRM results can 
simulate SQM ones. Of course, as for some LRM the probabilities P[BQ(ta), Bo{tb)] and 
P[Bo(ta), Bo(tb)] can reproduce the SQM result, also the asymmetry 

,r, . _ P[BoiQ,Boih)]-P[Bo{Q,Boih)] 
^^''^ P[Bo{ta),Bo{tb)]+P[Bo{ta),Bo{h)] ^ ^ 



discussed in Ref. BH], and the ratio 



^ P[Bo,Bo] + P[Bo,Bo] 

P[Bo,Bo]+P[Bo,Bo] ^ ^ 

suggested in Ref. (where time integrated probabilities appear), could be equal to the 
SQM ones for some LRM, and therefore cannot be used for a conclusive test of local realism. 

Altogether, our conclusion is therefore that the BqBq case does not allow an experiment 
free of the detection loophole as well. 

V. CONCLUSIONS 

In summary, the result of this analysis shows that the detection loophole appears in a 
unavoidable way in experiments addressed to test local realism by the use of pseudoscalar 
mesons entangled pairs. 

This is due to the fact that losses and decay properties might be related to the value 
of the hidden variables and therefore the selected subsample of the initial pairs might be 
biased, leading to the so called detection loophole. 

This is a general problem, which is unavoidable every time the particle must be identified 
by using a particular decay channel (which does not have a branching ratio above 81 %). 
This is the case for Kq or Bq tagging, where semileptonic channels are considered. 
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Therefore, even if these experiments represent an interesting new approach for investi- 
gating quantum non-locahty in a new sector, nevertheless they cannot lead to a conclusive 
test of local realism, for the impossibility of eliminating the detection loophole. 

Also other tests of local realism in particle physics would be affected by the same problem, 
if based on unstable particles which must be tagged using some specific decay channel. On 
the other hand, this problem would not appear if one considers tests based on entangled 
pairs of stable particles, which can be identified without strong losses, as, for example, a 
singlet pair of e'^e" produced in the decay of a scalar particle. Anyway, these tests must be 
performed using measurement of non-commuting variables (as different components of 
spin) and not only a commuting set (as in Ref.s and thus a practical realisation will 

be far from being trivial. 
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Figures Captions 

Fig.l The SQM (thick) and the minimal LRM (dashed) 
predictions for P[i?o(^a)? -K'o(2ta)]- The result is shown for p[t] = Es[t]Q^[t], as in table 



I of Ref. [34|. The minimal LRM is largely above the SQM prediction. 



Fig. 2 The SQM (thick) and the minimal LRM (dashed) predictions 
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for P[Ko{ta),Ko{2ta)], as in fig.l but keeping into account a total detection efficiency of 
0.3. With use of the choice Oi — 0.5, 02 = 0.13, 03 = 0.5, 04 — 0.07. 

Fig. 3 The SQM (thick, labelled with A) and the minimal LRM, p = 0, (dot-dashed, 
B) predictions for P[Ko{ta) , KQ{2ta)] keeping into account a total detection efficiency of 
0.3. With the choice ai — l,a2 — 0.13, 03 = 0.03, 04 = 0.04 the two curves substantially 
coincides. For other choices of the parameters the lower bound of LRM is well under SQM 
prediction. The four probabilities Pj[^a> 2ta] are shown for the sake of completeness, with 
dashing decreasing in order of the suffix i and labelled by C,D,E,F respectively. 

Fig. 4 The SQM (thick) and the minimal LRM, p = 0, (dashed) predictions for 
P[-Bo(ta), -Bo(2ta)], without (upper curves) and with (lower curves) keeping into account 
a total detection efficiency of 0.3 (with the choice ai = 0.52, 02 = 0.08, — 0.52, 04 = 0.08). 



20 



0.01 
0.0075 
0.005 
0.0025 




^ - - ^ ^ - 



0.25 0.5 0.75 1 1.25 1.5 



